Several noncoding RNAs potentially involved in nitrogen (N)-regulation have been detected in Methanosarcina mazei, however, targets have been identified only for one of them. Here, we report on the function of sRNA 41 , highly expressed under Nsufficiency. Comprising 120 nucleotides, sRNA 41 shows high sequence and structural conservation within draft genomes of numerous Methanosarcina species. In silico target prediction revealed several potential targets, including genes of two homologous operons encoding for acetyl-CoA-decarbonylase/ synthase complexes (ACDS) representing highly probable target candidates. A highly conserved single stranded region of sRNA 41 was predicted to mask six independent ribosome binding sites of these two polycistronic mRNAs and was verified in vitro by microscale thermophoresis. Proteome analysis of the respective sRNA 41 -deletion mutant showed increased protein expression of both ACDS complexes in the absence of sRNA 41 , whereas no effect on transcript levels was detected, arguing for sRNA 41 -mediated post-transcriptional fine-tuning of ACDS expression. We hypothesize that the physiological advantage of downregulating sRNA 41 under N-limiting conditions is the resulting increase of ACDS protein levels. This provides sufficient amounts of amino acids for nitrogenase synthesis as well as reducing equivalents and energy for N 2 -fixation, thus linking the carbon and N-metabolism.
Introduction
In recent years, the knowledge on function versatility associated to small noncoding RNAs (sRNAs) in regulatory processes of pro-and eukaryotes has grown rapidly. Eukaryotic microRNAs mostly interact with the 3'-untranslated region (UTR) or coding sequence of genes, thereby repressing translation or recruiting RNases for target degradation (Carthew and Sontheimer, 2009; Patil et al., 2014) . Likewise, in bacteria the majority of characterized sRNAs acts as trans-encoded post-transcriptional regulators but usually targets the 5'UTRs of mRNAs. They bind to their targets via imperfect base pairing, often targeting multiple mRNAs. The molecular regulatory mechanisms of trans-encoded sRNAs can be summarized as the activation or inhibition of translation initiation by melting secondary structures, including the ribosome binding site (RBS) or by masking the RBS respectively, as well as the recruitment of RNases and, therefore, influence of mRNA stability (Beisel and Storz, 2010; Oliva et al., 2015) . Whereas much is currently known for sRNAs in bacteria (Wagner and Romby, 2015) , the knowledge on regulatory mechanisms of sRNAs in Archaea, the third domain of life besides Bacteria and Eukarya, is scarce . Nonetheless, thanks to recently available RNA sequencing tools combined with experimental and computational approaches, numerous sRNAs have been identified in Archaea of different genera (Tang et al., 2002; J€ ager et al., 2009; Soppa et al., 2009; Straub et al., 2009; Babski et al., 2011 Babski et al., , 2016 Heyer et al., 2012; Marchfelder et al., 2012) . The best described sRNAs in archaea are the C/D box and the H/ACA box snoRNAs (small nucleolar RNA), which are involved in rRNA biogenesis or tRNA maturation respectively (Dennis and Omer, 2005; Watkins and Bohnsack, 2012) . So far, functional studies of archaeal regulatory sRNAs are only available for Methanosarcina mazei (J€ ager et al., 2012; Prasse et al., 2017) , Pyrobaculum spp. (Bernick et al., 2012) , Sulfolobus solfataricus (M€ artens et al., 2013) and Haloferax volcanii .
M. mazei, a model organism for methanoarchaea growing under strictly anaerobic conditions exhibits a high metabolic versatility, including the ability to fix molecular nitrogen (N 2 ) if grown under nitrogen (N)-limitation (Ehlers et al., 2002) . Expression of nitrogenase, the key enzyme for N 2 -fixation, is strictly regulated in response to the N-source. The respective regulatory proteins and the regulatory mechanisms for nitrogen fixation at the transcriptional level in M. mazei are well characterized (Veit et al., 2006; Weidenbach et al., 2008; Weidenbach et al., 2010; Weidenbach et al., 2014) . In addition, M. mazei was studied concerning potential sRNA-mediated post-transcriptional regulation under varying N-availability. A genome-wide differential RNA sequencing (dRNA-seq) approach identified 248 sRNAs to be differentially expressed in response to N-availability, suggesting that sRNA-mediated regulation in nitrogen and general stress response plays an important role in M. mazei (J€ ager et al., 2009) . Analyzing sRNA 154 , highly upregulated under N 2 -fixing conditions, demonstrated its central regulatory role in N-metabolism affecting several components, including nitrogenase and glutamine synthetase by masking the RBSs or positively affecting transcript stabilities as reported recently (Ehlers et al., 2011; Prasse et al., 2017) . Concerning its metabolic versatility, M. mazei can utilize a range of carbon and energy sources (e.g., methanol, methylamine or acetate), however, its utilization underlies a likewise strictly regulated system (Hovey et al., 2005) . In this context, constitutively expressed sRNA 162 was identified to exhibit a regulatory role in the metabolic switch between methanol and trimethylamine as carbon and energy source in M. mazei (J€ ager et al., 2012) .
Here, we describe the function and targets of a second sRNA potentially involved in N-regulation in M. mazei designated as sRNA 41 , shown to be highly expressed under N-sufficiency (J€ ager et al., 2009) . Characterization and target identification provided evidence of a new mechanism of post-transcriptional regulation in Archaea, in which sRNA 41 is capable to bind several RBSs independently within a polycistronic mRNA and thereby indicating uncoupled translation of the polycistronic mRNA.
Results

sRNA 41 characteristics
Small RNA 41 was identified using a dRNA-seq approach, validated by northern blotting and shown to be expressed approximately 100-fold higher under N-sufficiency compared to N-limitation (J€ ager et al., 2009) . Illumina RNAseq confirmed the high upregulation of sRNA 41 under N-sufficiency (Fig. 1A) (Prasse et al., 2017) thus sRNA 41 was selected for elucidating its physiological role in the N-metabolism. sRNA 41 represents a trans-encoded sRNA of 120 nucleotides (nt). Its gene is located in the 796 bp intergenic region between MM0666 encoding a putative nickel-responsive regulator NikR and MM0667 encoding a putative protein of the nitroreductase family. The promoter (TATA-Box and BRE-Box) was identified between nt 23 and 39 upstream of the transcriptional start site (TSS) (Fig. 1B) . BLAST searches for homologues in other methanoarchaea detected high sequence conservation, particularly among recently released draft genomes of Methanosarcina species (Youngblut et al., 2015) with 100% identity in the M. mazei strains (Fig. 1C) . Moreover, sequence analysis of sRNA 41 showed evidence for posttranscriptional regulation by exhibiting an anti-ShineDalgarno sequence [GCCUCCU, reviewed in (Dennis, 1997) ] in the 5' region in almost all homologues. Secondary structure alignment revealed high structure conservation, a 5' region with two small stem loops and a highly structured extensive stem loop at the 3' region ( Fig. 1C and D) .
sRNA 41 target identification
Computational target prediction using the online tool IntaRNA (Busch et al., 2008) revealed 27 potential targets in M. mazei G€ o1 with a predicted interaction energy less than 211 kcal/mol within a region of 100 bp upand downstream of the annotated translational start sites (TLS) (Supporting Information Table S1 ). Besides high numbers of genes coding for hypothetical proteins, genes encoding transport proteins and several transferases were predicted as potential targets of sRNA 41 . Additionally, IntaRNA revealed conserved interaction regions, predicting that sRNA 41 -predominantly its identified conserved region in the 5' part-mostly interacts within regions of translation initiation of target mRNAs (Supporting Information Fig. S1 ). Interestingly, RBSs of six genes belonging to two homologous operons encoding acetyl-CoA decarbonylase/synthase complex (ACDS) were predicted with high probability to be targeted by sRNA 41 , with respective interaction energies between 25.1 and 213.3 kcal/mol ( Fig. 2A) . Three of them belong to the best 27 candidates (Supporting Information Table S1 ). Additionally, four of the predicted ACDS genes (i.e., MM0684, MM0686, MM2087 and MM2089) show high sequence conservation upstream of the TLS with total complementarity to sRNA 41 including the RBS and four upstream nt ( Fig. 2B and C) . The two other predicted target genes (i.e., MM0689 and MM2084) exhibit an eight nt long binding region with total complementarity to sRNA 41 including the RBS and three nt downstream. Moreover, two additional genes within these two operons (i.e., MM2085 and MM0688) were predicted to be targeted as well with interactions in the 5' upstream regions 68-61 bp upstream of the TLS and interaction energies of 26 kcal/mol ( Fig. 2A ). These A. cDNA reads from Illumina RNA-Sequencing analysis of sRNA 41 , with genome coordinates from M. mazei G€ o1 grown under N-sufficiency (left, NH 1 4 ) and N-limitation (right, N 2 ) (Prasse et al., 2017) . White lines indicate division into 15 nucleotides. B. Promoter region of sRNA 41 . Promoter elements (BRE and TATA-box) are depicted in bold and underlined. The 5' end (11) and 3' end (*) of sRNA 41 were determined by 5'-and 3'-RACE analysis respectively. C. Secondary structure alignment of sRNA 41 homologues identified by computer-based searches of Methanosarcina species performed with LocARNA (Smith et al., 2010) . The colors indicate the structural conservation, bright colors show high conservation, light colors lower conservation, at which red means 100% of the structured sequence is identical, brownish one nucleotide is changed and green two nucleotides are changed. MWWM596: Methanosarcina sp. WWM596; MWH1: Methanosarcina sp. WH1; Msiciliae: Methanosarcina siciliae strains C2J, HI350, T4/M; Macetivorans: Methanosarcina acetivorans C2A; Mhoronobensis: Methanosarcina horonobensis HB-1; Mmazei: Methanosarcina mazei strains C16, LYC, S-6, SarPi, WWM610, Tuc01, Goe1; Mlacustris: Methanosarcina lacustris Z-7289. D. Consensus secondary structure prediction performed with RNAalifold (Bernhart et al., 2008) . The potential interaction region of sRNA 41 is indicated in blue.
sRNA 41 affects ribosome binding sites 597 two predicted interactions occur with the single stranded loop at the tip of the highly structured 3' region of sRNA 41 (nucleotides 81-88) .
To obtain experimental evidence for the predicted interactions between sRNA 41 and mRNA-ACDS, microscale thermophoresis (MST) was used to determine the dissociation constant (K D ) in vitro. Exemplarily interaction between a Cy3-labeled 80 nt fragment of the 5'UTR of mRNA-MM2089 ('5'UTR MM2089) or the upstream region of MM0686 including the RBS and flanking conserved binding site respectively, and full length sRNA 41 (Fig. 3A) were analyzed as described in Experimental procedures. Significant binding between sRNA 41 and '5'UTR MM2089 was observed with a calculated K D of 631 6 133 nM (Fig. 3B, green dots) . Control experiments with a 240 nt long fragment of 5'UTR MM2089 as unlabeled competitor RNA diminished binding around 10-fold (K D of 6.5 6 1.68 mM), verifying specific binding and demonstrating that sRNA 41 also binds when a longer fragment of 5'UTR MM2089 is used (Supporting Information Fig. S2B ). Deletion of nt 18-46 of sRNA 41 , including the binding site and flanking regions, completely inhibited binding (Fig. 3B, light blue dots) . Furthermore, mutation of only four nt within the region of interaction in the '5'UTR fragment ('5'UTR MM2089*, Fig. 3A ) or sRNA 41 (sRNA 41 *, Fig. 3A ) also completely A. Structure of the two ACDS operons and detailed interaction prediction of sRNA 41 with 8 genes encoding subunits of the ACDS complexes organized in two operons with the respective hybridization energies as indicated. Start codons of genes are underlined; ribosome binding sites (RBS) are boxed. B. Exemplary interaction of MM2089 with sRNA 41 . Region of interaction is depicted in bold letters, RBS is dotted boxed and translation start side (TLS) bold and underlined. C. Consensus sequence of 5' upstream regions of four (MM0684, MM0686, MM2089, MM2087) of the predicted targets created with WebLogo 3.4 (Crooks et al., 2004) . Shown are the last 50 nt of the 5' upstream regions before TLSs. Conserved RBS is boxed and TLSs of the four genes are labeled by the respective arrows. Upper sequence shows the total complementary base pairs of sRNA 41 in the conserved region.
inhibited binding with wt sRNA 41 (Fig. 3B , red dots) and wt '5'UTR MM2089 (Fig. 3C , dark blue dots) respectively. However, binding was restored with a K D of 3.5 6 0.43 mM when combining complementary mutations '5'UTR MM2089* and sRNA 41 * (Fig. 3C , orange dots) confirming the predicted interaction with the RBS (mut)). Green graph is identical to section B. The concentration of Cy3-labeled '5'UTR MM2089 and '5'UTR MM2089* was constant at 15 nM for all measurements, whereas the concentration of the nonlabeled sRNA 41 -mutants varied between 1.14 nM and 37.5 mM. D. Interactions between Cy3-labeled 5' upstream region of MM0686 mRNA and wt sRNA 41 (green, K D (wt)), sRNA 41 * (red, K D (mut)) and sRNA 41 D18-46 (light blue) respectively. The concentration of Cy3-labeled MM0686 was constant at 15 nM for all measurements, whereas the concentration of the nonlabeled sRNA 41 -mutants varied between 0.305 nM and 10 mM. All interactions were measured using Monolith NT.115 and K D -values were calculated of at least three independent replicates using the Nanotemper MO. Affinity Analysis Software (see Experimental procedures).
sRNA 41 affects ribosome binding sites 599 in vitro. Binding of sRNA 41 to the RBS of MM0686 was also confirmed with a K D of 50 6 7 nM (Fig. 3D , green dots). Deletion of the binding site (sRNA 41 D18-46) resulted in complete binding inhibition, whereas the mutated sRNA 41 * diminished binding more than 10-fold resulting in a K D of 751 6 78 nM (Fig. 3D , red dots).
To verify the polycistronic mRNAs encoding ACDS complex as sRNA 41 targets in vivo, a chromosomal deletion mutant of sRNA 41 (Mm_Ds41) and a mutant overexpressing the sRNA 41 from a plasmid (Metcalf et al., 1997) (pWM321) under the control of its native promoter (Mm_OPs41) were generated (see Experimental procedures). In both cases, the mutation did not result in a significant growth phenotype, neither for nitrogen sufficiency nor for nitrogen limiting growth conditions (data not shown). Furthermore, determining transcript levels in Mm_Ds41 and Mm_OPs41 using established genomic microarrays (Weidenbach et al., 2017) in combination with qRT-PCR analysis of selected genes (Table 1) generally showed no significant changes in transcript levels ( twofold, for selected genes and ACDS operon see Table 1 and Supporting Information Fig. S4A ). Overall, these findings exclude strong effects on transcript-stability and argue for a post-transcriptional regulation of ACDS expression by sRNA 41 due to masking the RBSs of the respective polycistronic mRNAs. Thus, a comparative proteomic approach was performed analyzing protein extracts of Mm_Ds41 and M. mazei wildtype (Mm_wt) cells grown under N-sufficiency using LC-ESI MS/MS (see Materials and Methods). Two independent experiments showed similar protein expression patterns and respective changes in the absence of sRNA 41 . In the second experiment, expression of several proteins was detected in the absence of sRNA 41 (Mm_Ds41) with 36 proteins significantly up regulated ( twofold) and 11 proteins down regulated ( 0.5) as depicted in Fig. 4A (see also Table 1 , Supporting Information Fig. S3 and Table S2 ). Whereas the down-regulated proteins mainly represent hypothetical proteins or proteins involved in amino acid biosynthesis, most of the upregulated proteins are related to energy and carbon metabolism including the subunits of the two homologous ACDS complexes, which were 2-to 3-fold upregulated ( Fig. 4B and Table  1 ). Several hypothetical proteins and three regulatory proteins were upregulated as well. Additional western blot analysis confirmed the expression regulation of ACDS complex. The exemplarily analyzed ACDS subunit b showed a 2.3-fold increased protein level under N-sufficiency in the absence of sRNA 41 (Fig. 4C) , which is in accord with the 2.1-fold increase detected by LC-ESI MS/MS (Fig. 4B ).
Elucidating potential nitrogen and acetate dependent transcriptional regulation of ACDS and sRNA 41 First, the operon structure of both encoding ACDS was verified by amplifying all intergenic regions of the polycistronic mRNAs using reverse transcriptase-PCR (RT-PCR) analysis (see Experimental procedures). Further detailed transcription analysis was performed by quantitative RT-PCR (qRT-PCR) addressing potential regulation by nitrogen and acetate. 150 nt fragments of the polycistronic mRNAs were chosen for amplifying a 5' fragment (within the first genes MM2089 and MM0684) and a central fragment (within the third genes MM2087 and MM0686, data not shown). In general, due to high sequence homology, transcripts of the two separate ACDS operons could not be distinguished and determined abundances represent transcripts from both. In accordance with the microarray data, no significant differences in transcript levels of both fragments of the polycistronic mRNAs were obtained for Mm_Ds41 in comparison to Mm_wt under all tested growth conditions, indicating no effect of sRNA 41 on transcript stability and strongly supporting the hypothesis of posttranscriptional regulation by sRNA 41 (Supporting Information Fig. S4A ).
ACDS, allowing aceticlastic methanogenesis (Fig. 5 , Supporting Information Fig. S5A ), is known to be transcriptionally regulated in response to substrate availability (i.e., acetate) (Hovey et al., 2005; Anderson et al., 2009; Matschiavelli et al., 2012) . Since M. mazei G€ o1 3A requires long adaptation times for growth on acetate, as sole energy and carbon source, methylotrophic growth on methanol under acetate depletion was chosen to evaluate acetate dependent regulation. Under methylotrophic growth conditions ACDS is not essential for energy metabolism, however, during acetate depletion higher enzyme levels are of advantage to enhance acetyl-CoA generation via autotrophic CO 2 fixation by ACDS (anabolism) (Fig. 5 and Supporting Information Fig. S5 ). Under these conditions both the 5' and the central fragment of ACDS mRNA were upregulated 4-to 5-fold in response to acetate depletion independently of sRNA 41 expression; only small effects were detected in response to the nitrogen source (Supporting Information  Fig. S4B ). However, sRNA 41 itself showed no significant transcriptional regulation on acetate depletion under Nsufficiency (P value 0.05), whereas the N-dependent regulation obtained by RNAseq was confirmed (Supporting Information Fig. S4C ). These findings strongly suggest that transcriptional regulation of the ACDS operons occurs mainly in response to acetate, whereas sRNA 41 is exclusively transcriptionally regulated by nitrogen. Yet, no potential regulatory binding motifs were identified in the respective promoter regions. 
Discussion
By combining in silico prediction with binding assays and proteomic analysis we obtained strong evidence suggesting that sRNA 41 is post-transcriptionally regulating the expression of ACDS in M. mazei in an Ndependent manner. It most likely targets several RBSs of the two polycistronic mRNAs coding for homologous but independent ACDS complexes leading to an inhibition of translation initiation of all ACDS subunits (Fig. 4) , whereas mRNA levels did not change between wildtype and the sRNA 41 deletion mutant . Regulation by sRNAs targeting the 5'UTR and masking the RBS leading to inhibition of translation initiation is well-known in bacteria (Desnoyers et al., 2013) . Targeting one or selected internal RBS in a polycistronic mRNA can lead to discoordinated expression of the respective genes, as has been shown, e.g., for Spot42 from Escherichia coli, exclusively affecting GalK level in the galETKM operon by targeting the RBS of galK (Balasubramanian and Vanderpool, 2013) . In Archaea, regulatory mechanisms have been identified only for a few sRNAs at the molecular level. These include masking RBSs in the 5'UTRs of their targets (J€ ager et al., 2012; Prasse et al., 2017) , arguing that those archaeal sRNAs act similarly as their bacterial counterparts. Besides, there are several indications that archaeal sRNAs also target 3'UTRs (Bernick et al., 2012; M€ artens et al., 2013; Babski et al., 2014; Dar et al., 2016) . Recently, the first archaeal sRNA was reported to stabilize the targeted transcript by most likely binding and masking RNase binding sites (Prasse et al., 2017) . In our study, sRNA 41 demonstrated to mask the RBS in the 5'UTR of its identified target mRNAs. Most importantly, it represents the first reported archaeal sRNA with the capability to mask several internal RBSs of the targeted polycistronic mRNAs leading to a coordinated expression inhibition of all subunits of A. Scatter-plot analysis of protein quantification in Mm_wt and Ds41 mutants (Mm_Ds41). The log 2 ratios of the 'Forward experiment' (F) are plotted against the log 2 ratios of the 'Reverse experiment' (R). The upregulated proteins appear in upper-right and the down-regulated proteins in the lower-left quadrant. All proteins showing an average ratio higher than 1 (log 2 scale) are indicated in red. For details of the identified proteins see Table 1 , Supporting Information Fig. S3 and Table S2 . B. Protein levels of all ACDS-subunits of the two ACDS operons in Mm_Ds41 vs. Mm_wt, organized in the operon structure as indicated. C. Verification of the proteome analysis by quantitative western blot analysis of SU b of the ACDS complex. Protein level of Mm_wt was set to 1; protein level of Mm_Ds41 was calculated in relative amounts to the wt. Diagram represents three independent biological replicates with standard deviation. Exemplarily one original western blot is depicted in the lower panel.
the complex. The translation was downregulated in four out of five ACDS subunits based on direct masking of their respective RBS or binding to upstream regions (MM0688 and MM2085), whereas in case of the second genes encoding the E subunits (cdhB), lower expression was most likely due to coupled translation of the first two genes since the respective stop (cdhA) and start (cdhB) codons are only separated by two nucleotides (Supporting Information Fig. S5 ). Our findings that both subunits, SU a (cdhA) and SU E (cdhB), are generated in similar amounts and both affected by sRNA 41 to the same degree, strongly argue for a polar effect of sRNA 41 on cdhB expression due to translational coupling. This is due to the fact that although sRNA 41 binding site is only present in front of cdhA (SU a1 and SU a2) it affects translation of both (Figs. 2 and 4 ). In contrast to cdhB, all other genes encoding subunits of the ACDS complex exhibit their own RBS, three of them targeted by sRNA 41 (Figs. 2 and 4) suggesting an independent translation initiation of these subunits in addition to potential translational coupling. Translational coupling between adjacent ORFs of a polycistronic operon is known in bacteria as an efficient approach to generate equimolar quantities of the respective proteins, e.g., subunits of an enzyme complex. The coupling can, for example, be achieved by close proximity between the stop codon of the first cistron and the RBS of the second cistron leading to increased local concentration of the ribosomes near the RBS of the second cistron and thus facilitating its fast translation initiation (Schumperli et al., 1982; Desnoyers et al., 2013; Yamamoto et al., 2016) . Translation of the archaeal polycistronic mRNA encoding ACDS, however, appears to be initiated independently at several RBSs of the polycistronic mRNA. The finding of post-transcriptional regulation by sRNA 41 targeting several RBSs of the polycistronic mRNAs, resulting in expression regulation of ACDS subunits in a coordinated way in response to the nitrogen availability, supports the assumption that mainly uncoupled translation occurs. Since the expression of the subunits shows more or less equimolar quantities, we speculate that several sRNA 41 molecules are binding to a scaffold protein to allow efficient and simultaneous binding to the four targeting sites of the polycistronic mRNA. The spatial arrangement of such a protein and the binding sRNA 41 molecules might be in part responsible for the significant differences obtained in K D values for different RBS, in addition to the differences due to the length of complementary sequences (see Fig. 2 ). The target of sRNA 41 studied in detail in this study, identified as the ACDS multi-subunit complex is the key enzyme in aceticlastic methanogenesis as well as in the Wood-Ljungdahl pathway for autotrophic CO 2 -fixation in methanogenic archaea. The fact that ACDS catalyzes both reversible reactions allows for its involvement in both pathways. In aceticlastic methanogenesis, ACDS cleaves activated acetate (acetyl-CoA) into a methyl moiety, which is transferred to tetrahydromethanopterin (H 4 MPt) and further reduced to methane and a carbonyl residue, subsequently oxidized to CO 2 (Welte and Deppenmeier, 2014) . In the reverse reaction, ACDS uses both for synthesis of acetyl-CoA to feed into anabolism (Grahame et al., 2005; Matschiavelli et al., 2012; Welte and Deppenmeier, 2014; Ferry, 2015) (Fig. 5) . ACDS is biochemically well characterized in methanoarchaea (Ferry, 2015) and its expression has been shown to be highly regulated on the transcriptional level in a substrate dependent manner (Hovey et al., 2005; Anderson et al., 2009) . Besides transcriptional regulation, indications for additional post-transcriptional regulation in response to the substrate were obtained in several methanoarchaea (Anderson et al., 2009; Matschiavelli et al., 2012) . In Methanosarcina thermophila, comprising only of one operon encoding ACDS and no sRNA 41 homologue, it was demonstrated that the 5'UTR of the ACDS mRNA includes another regulatory element, which leads to early elongation termination near the 3 0 end of a leader sequence during methylotrophic growth (in the absence of acetate) (Anderson et al., 2009) . Since the 5'UTR is highly conserved (Supporting Information Fig. S6 ), a similar regulation can be expected in with ACDS involvement. ACDS complex catalyzes the key reaction in aceticlastic methanogenesis by cleaving acetyl-CoA into a methyl moiety and CO which is further oxidized into CO 2 (blue arrows). Under acetate depletion using methylotrophic substrates for methanogenesis (green arrows) this reaction occurs in the reverse direction for autotrophic CO 2 fixation yielding acetyl-CoA (red arrows). If acetate is in addition present acetyl-CoA is generated from acetate and solely used for biosynthetic pathways (black arrows). Abbreviations: CoA, coenzyme A; S-CoM, coenzyme M; H 4 SPT, tetrahydrosarcinapterin; F 420 , coenzym F 420 ; F 420 H 2 , coenzyme F 420 reduced form; Fd red/ox , reduced/oxidized ferredoxin.
sRNA 41 affects ribosome binding sites 603 other Methanosarcina species. Similarly, for Methanosarcina acetivorans containing two operons encoding ACDS it has been shown that substrate dependent regulation occurs beyond transcriptional regulation (Matschiavelli et al., 2012) , which is most likely due to early elongation termination (see above). We assume that the presence of a sRNA 41 homologue in M. acetivorans, also known to fix molecular nitrogen, plays a similar role in nitrogen dependent post-transcriptional regulation by the sRNA 41 homologue on M. mazei.
In M. mazei, transcription of both operons encoding ACDS is not affected by the presence or absence of sRNA 41 (see Supporting Information Fig. S4A ), however, transcriptional regulation occurs in response to acetate. During methylotrophic growth in the absence of acetate, the transcript levels were shown to be approximately fivefold upregulated (see Supporting Information Fig.  S4B ), indicating the increased ACDS requirement for autotrophic CO 2 fixation. In contrast, sRNA 41 levels are not significantly affected in response to acetate (see Supporting Information Fig. S4C) , only under Nlimitation significant down-regulation of sRNA 41 was observed (J€ ager et al., 2009) (Fig. 1A and Supporting Information Fig. S4C ). Thus, increased sRNA 41 levels under N-sufficiency ultimately lead to reduced amounts of the enzyme complex, compared to 2.6-fold increased amounts under N-limitation at low levels of sRNA 41 ( Fig. 6B and C) . This acetate independent regulation of ACDS in response to the nitrogen availability raises the question about the physiological role of ACDS upregulation under N-limitation. Taking into account the high amount of nitrogenase synthesized under N-limitation, more than 10-fold higher compared to N-sufficiency (Veit et al., 2006) (Fig. 6) , and its low turnover rate (low k cat ) we hypothesize that it is energetically advantageous to increase synthesis of ACDS (with a high k cat ) leading to increased acetyl-CoA levels and thereby increased amino acid synthesis to express sufficient amounts of nitrogenase (Figs. 5 and 6A and Supporting Information Fig. S4 ). Besides, elevated ACDS expression is of advantage during N 2 fixation with methanol as carbon and energy source due to the generation of additional energy and reducing equivalents by increased oxidation of methyl-S-CoM to CO 2 for autotrophic CO 2 fixation. No apparent binding site of a nitrogen dependent transcriptional regulator is present in the sRNA 41 promoter. Thus, we hypothesize that on nitrogen limitation either degradation or out-titration of sRNA 41 occurs. Since we did not obtain evidence for an asRNA mediated degradation of sRNA 41 (RNAseq data sets) we propose a protein mediated mechanism, e.g., by a specific protein only present under N-limitation.
In summary, our findings indicate that sRNA 41 regulates nitrogenase expression in an indirect manner by increasing ACDS protein levels under N-limitation and thereby provides sufficient amounts of amino acids for nitrogenase synthesis, generating additional reducing equivalents and energy for the nitrogen fixation process. This indirect effect of sRNA 41 on synthesis of nitrogenase under N-limitation represents the first link between biosynthetic pathways (anabolism), energy metabolism and N 2 -fixation.
Experimental procedures
Construction of M. mazei mutants and plasmids M. mazei chromosomal sRNA 41 deletion mutant was constructed using plasmid pRS821. For generation of pRS821 up-and downstream fragments ( 1000 nt) flanking the sRNA 41 -gene were PCR-amplified from genomic DNA using primers 666-1, 666-2, 666-3 and 666-4 (see Supporting Information Table S3 ) and cloned into pBlueskript SK1 (Stratagene, La Jolla, CA, USA) via restriction with KpnI and XbaI. The pac-cassette, encoding for puromycinresistance, was restricted from pRS207 using EcoRI and ligated yielding pRS821. After sequence verification pRS821 was transformed into M. mazei 3A using liposomal mediated transformation and screened for deletion mutants as described previously .
Plasmid pRS820 was constructed to overexpress sRNA 41 in M. mazei. sRNA 41 , including its native promoter, was PCR-amplified from genomic DNA using primers sRNA666-for and sRNA666-rev and cloned into pWM321 (Metcalf et al., 1997) using XhoI restriction sites, resulting in pRS820, which was transformed into M. mazei 3A as described previously .pRS1070 was constructed by amplifying MM2087 from genomic DNA using primers MM2087 for NdeI and MM2087 rev XhoI containing additional restriction sites for NdeI and XhoI followed by subcloning into pCRII-TOPO (Thermo Fisher Scientific, Waltham, MA, USA) by TA-cloning. MM2087 was restricted from pRS1070 with NdeI and XhoI, cloned into pET-28a(1) (Novagen) using the NdeI and XhoI sites, resulting in pRS1071. pRS1071 was transformed into E. coli BL21 pRIL (Stratagene, La Jolla, CA, USA) for heterologous expression of MM2087 fused to an N-terminal His-tag (His-MM2087).
Plasmids pRS913, pRS1126, pRS1128, pRS1274 were constructed for in vitro transcription. A minimal T7-promoter at the 5'-end was added by PCR-amplification of the sRNA 41 -gene using the forward primer sRNA41 T7 for and reverse primer sRNA41 NheI rev (see Supporting Information Table S3 ), followed by TA-cloning into pCRII-TOPO (Thermo Fisher Scientific, Waltham, MA, USA), resulting in pRS913. Mutations (pRS1274) and deletions (pRS1126) to sRNA 41 were introduced via site-directed mutagenesis using pRS913 as template (for primer sequences see Supporting Information Table S3 ). For construction of pRS1128 a minimal T7-promoter at the 5'-end was added by PCRamplification of the 5'UTR MM2089 using primer MM2089 T7 for and MM2089 rev NheI (Supporting Information Table  S3 ), followed by TA-cloning into pCRII-TOPO. Specifications of the plasmids are as follows: pRS913 with wildtype sRNA 41 , pRS1126 with sRNA 41 containing deletions of nt 18-46 (D18-46) , pRS1128 with 5'UTR MM2089, pRS1274 with sRNA 41 with the respective complementary mutations of nt 37-40 (Fig. 3A) .
Computational target prediction
Computational target prediction was performed with the online tool IntaRNA (Busch et al., 2008) . M. mazei G€ o1 NCBI RefSeq number (NC_003901.1) was used to get an interaction prediction of sRNA 41 with all annotated ORFs with a minimum seed region of 7 nt using the tool preadjustments. Interaction region on mRNA levels was defined as 100 bp up-and down-stream of the start codon.
RNA-sequencing
RNA-Sequencing data (Illumina technique) for M. mazei 3A grown under nitrogen sufficient and limiting conditions were used from reference (Prasse et al., 2017) .
Microarray analysis and quantitative reverse transcription (qRT) PCR
RNA was isolated from M. mazei cultures grown in 50 ml complex medium supplemented with 150 mM methanol as described in (Deppenmeier et al., 1990) . 9 mM ammonium was added for nitrogen sufficiency (1N) otherwise medium only contained molecular nitrogen from the atmosphere for nitrogen limiting conditions (-N). For acetate dependent growth conditions, 11 mM acetate were added (1Ac) or omitted (-Ac). Cells were grown to mid-exponential growth phase, harvested for 30 min at 2500 3 g and 48C. Pellets were either suspended in Isol-RNA lysis Reagent (5Prime) for RNA use in qRT-PCR or Tris-HCl buffer (50 mM, pH 6.8) for use in microarray analysis. RNA extraction using Isol-RNA lysis Reagent followed the manufactures protocol but substituted chloroform by 1-bromo-3-chloropropane (BCP) followed by a subsequent treatment with DNaseI (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). Cells suspended in Tris-HCl buffer were disrupted using the Mikro-Dismembrator S (Sartorius, G€ ottingen, Germany) and RNA for microarray analysis was isolated with the RNeasy Midi Kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol.
RNA of M. mazei mutants purified for microarray analysis was reverse transcribed into cDNA and simultaneously labeled with Cy5 and Cy3 respectively, using the CyScribe First-Strand cDNA Labeling Kit (GE Healthcare) according to the manufacturer's protocol. Microarray experiments and analysis of three biological replicates was performed as described previously (Weidenbach et al., 2017) .qRT-PCR assays were performed and analyzed as described in but using the QuantiTect SYBR Green RT-PCR Kit (Qiagen, Hilden, Germany) and the ViiA TM 7 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Gene expression level of three biological replicates was calculated using the normalizing 2 -DDCt value. MM1621 and MM2181 were used as genes for normalization, knowing not to be differentially expressed on the nitrogen and energy source (Prasse et al., 2017) . Specific primer sets sRNA 41 affects ribosome binding sites 605 used for qRT-PCR are listed in Supporting Information Table S3 .
Microscale thermophoresis
RNA for MST was in vitro transcribed using TranscriptAid T7 High Yield Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to manufacturer's protocol from PCR generated templates of sRNA 41 (pRS913), sRNA 41 D18-46 (pRS1126), sRNA 41 * (pRS1274) and 240 nt of 5'UTR MM2089 (pRS1128) including the RBS. 80 nt of 5'UTR MM2089 ('5'UTR MM2089), '5'UTR MM2089* (exhibiting complementary mutations of nt 16-19 upstream of the start codon) and MM0686 were synthesized with 5'-Cy3-label by Eurofins Genomics (Ebersberg, Germany). For all measurements, concentration of labeled RNA was kept constant at 15 nM. Dilution series of nonlabeled sRNA 41 mutants were prepared in concentrations from 37.5 mM to 1.14 nM for measurements with variations of 5'UTR MM2089 and from 10 mM to 0.305 nM for MM0686. The respective RNA samples were separately incubated for 1 min at 958C followed by 5 min at 48C, combined and further incubated for 15 min at 378C. Measurements were performed in 13 Structure Buffer (Ambion, Thermo Fisher Scientific, Waltham, MA, USA) with 0.02% Tween-20 with Monolith NT.115 (NanoTemper, Munich, Germany) at 258C using standard treated capillaries, high MST-Power (60%) and 100% Excitation-Power. K D -values were calculated for at least three independent measurements out of the normalized fluorescence change (DFNorm) during thermophoresis for 5'UTR MM2089 or initial fluorescence change (raw fluorescence) for MM0686 using MO.Affinity Analysis software v2.2.4 (NanoTemper, Munich, Germany).
Proteome analysis
For preparation of crude extracts, M. mazei cultures were grown on medium supplemented with 150 mM methanol and under N-sufficiency until mid-exponential phase (OD 600 between 0.4 and 0.6) and harvested at 2500 3 g and 48C for 30 min. Pellets were suspended in Tris-HCl buffer (50 mM, pH 6.8) supplemented with DNase I and proteinase inhibitor cocktail (PIC). Homogenization of cells was performed using the Mikro-Dismembrator S (Sartorius, G€ ottingen, Germany) for 3 min at 1600 strokes followed by centrifugation at 15 700 3 g and 48C for 30 min. Protein concentrations of the supernatant were determined using NanoDrop (Peqlab, Erlangen, Germany).
In preparation for the mass-spectrometry (MS) 800 mg of protein extracts from M. mazei wild type (Mm_wt) and M. mazei DsRNA 41 (Mm_Ds41) were precipitated in ethanol as described previously (Sharma et al., 2015) . Protein extracts were digested in-solution in the presence of 8 M Urea (in 100 mM TEAB). The samples were reduced with dithiothreitol (10 ml, 10 mM in 100 mM TEAB, 378C, 1 h), alkylated with iodoacetamide (10 ml, 60 mM in 100 mM TEAB, 378C, 1 h), diluted with 200 ml 100 mM TEAB and digested with Trypsin (Promega) (1:40, 378C, 1 h).
The quantitative proteome analysis of Mm_wt and Mm_Ds41 was carried out using the dimethyl labeling approach (Boersema et al., 2009) . The in-solution digestion mix was split into two halves and labeled with light and heavy isotope tags. The samples were labeled by adding 4 ll of 4% (vol/vol) CH 2 O and 4 ll of 4% (vol/vol) CD 2 O, for light and heavy labeling respectively. Later 4 ll of 0.6 M NaBH 3 CN and 16 ll of 1% (vol/vol) ammonia and 8 ll of 5% Formic acid (vol/vol) were added to the labeling reaction of both heavy and light samples. As the forward experiment, the light labeled Mm_wt sample and heavy labeled Mm_Ds41 samples were pooled in a 1:1 ratio and similarly for the reverse experiment the heavy labeled Mm_wt sample and light labeled Mm_Ds41 samples were pooled.
Desalting was carried out in Sep-Pak C18 column (Waters). The column was equilibrated successively by passing methanol, 80% (v/v) ACN, 1.0% (v/v) FA and 1.0% (v/v) FA. The pooled sample after dimethyl labeling was loaded onto the column, followed by washing the column twice with 1.0% FA. The peptides were eluted twice with 80% ACN, 1.0% FA and concentrated in a SpeedVac to dryness. Dried peptides were resuspended in 10 mM ammonium hydroxide (pH 10) and loaded onto a reverse phase HPLC column (XBridge C18, Waters, 3.5 mm, 1.0 mm 3 150 mm) and eluted in a 5%-35% (v/v) acetonitrile gradient at a flow rate of 60 ml/min. 64 initial fractions were collected, which were combined into 10 peptide pools. Each pool was concentrated in a SpeedVac and dissolved in 25 ml 5% v/v ACN, 1% v/v FA. 5 ml each were then analyzed by LC-MS/MS for a technical replicate.
The sample was injected onto a nano-liquid chromatography system (Dionex, Ultimate 3000, Thermo Fisher Scientific) coupled with Orbitrap Fusion instrument (Thermo Fisher Scientific). The samples were loaded onto a trapping column (length 2 cm, inner diameter 150 mm, C18 AQ, 120 Å , 5 mm; Dr. Maisch) at a flow rate of 10 ml/min in buffer A (0.1% v/v FA) and eluted and separated on analytical column (length 30 cm, inner diameter 75 mm, C18 AQ 120 Å 1.9 mm; Dr. Maisch) with a gradient of 8%-46% buffer B (80% v/v acetonitrile, 0.08% v/v FA) over a 60 min gradient at a flow rate of 300 nl/min. The instrument was operated in data-dependent mode using a TOP20 method with HCD fragmentation at normalized collision energy of 30%.
Raw MS data were processed with MaxQuant software v1.5.0.30 (Cox and Mann, 2008) incorporated with Andromeda (Cox et al., 2011) search engine using Methanosarcina mazei protein database from UniPROT. The MS survey scan mass tolerance was set to 6 ppm and for MS/MS scans to 0.5 Da. The multiplicity was set to 2, with maximum 3 labeled amino acids per peptide, DimethLys0 and DimethNter0 were used as light labels and DimethLys4 and DimethNter4 were used as heavy labels. Carbamidomethylation of cysteine was set as a fixed modification, whereas oxidation of methionine and N-terminal protein acetylation were set as variable modifications; minimum peptide length was set to seven amino acids and peptides up to two missed cleavages were considered for identification. False discovery rate of 1% was applied and re-quantification was enabled. The output from MaxQuant (proteinGroups.txt) was imported in Perseus (Cox and Mann, 2008) . p value (Significance B) was calculated and set as a main criterion for the data interpretation. Scatter plot representing normalized ratios of identified and quantified proteins in both, forward and reverse experiments was plotted using R (Fig. 4A) .
Western blot analysis
His-MM2087 was heterologous expressed from plasmid pRS1071 in E. coli BL21-pRIL and purified by affinity chromatography using Ni-NTA-Agarose. Purified His-MM2087 was used to raise a polyclonal antibody against MM2087 from rabbit antiserum (B-J Diagnostik, G€ ottingen, Germany). Western blot analysis using antibodies against MM2087 and NifH were performed as described in (Weidenbach et al., 2014) . Known protein amounts of purified N-terminally His-tagged MM2087 and NifH derivatives were used as quantification standards respectively. Detection and quantification were performed with DIANAIII and AIDA Image Analyzer (Raytest, Straubenhardt, Germany) respectively, and relative expression levels were calculated out of three biological replicates (each in three technical replicates).
